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Abstract
In this work we report on the aerosol synthesis of photocatalytic powder nanostructures of core-shell Si-ZnS particles. Submicron 
Si particles were prepared in the form of an aqueous dispersion by disintegration of the semiconductor-grade silicon powder in
the cavitation Water Jet Mill disintegrator. Adding zinc acetate converted aqueous dispersion medium into a solution of Zn(Ac)2
in various concentrations. The thus prepared liquid dispersion was then transformed into aerosol microdroplets with an average
size of 3.5 microns in the Omron NE-U17 nebulizer. These were subsequently transported by flowing gas into the vigorously 
stirred aqueous solution of sodium sulfide. At impact of these aerosol "microreactors" the two liquid reactants produce zinc 
sulphide. Due to heterogeneous nucleation the insoluble phase of ZnS is precipitated on the phase surface of the silicon carrier 
particles contained in the microdroplets. As the amount of Zn(Ac)2 in a microdroplet is limited, so is the extent of the 
precipitation reaction and the thickness of the container can be regulated by Zn(Ac)2 concentration in the liquid dispersion. The 
obtained liquid dispersion of core-shell particles of Si-ZnS was dryed by controlled vacuum sublimation and stabilized in the 
form of lamellar nanoaggregates with a relatively high surface area. The final material enables easy handling and shows 
significantly higher photocatalytic activity than TiO2 Evonik P25 standard.
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1. Introduction
Application of some nanoparticulate materials during the photocatalytic degradation of pollutants is often quite
problematic. These nanomaterials are often prepared by chemical precipitation reactions known as ,,bottom-up” 
PHWKRGV 6KHLNK%DUDNDW .DQMZDO$U\DO.KLO.LP3UDXV'YRUVN\+RUQtNRYi3RVStãLO.RYiĜ
3UDXV'YRUVN\.RYiĜ7URMNRYi)  and at sizes of the order of 100 nm and below their volume fraction in the 
aqueous dispersion is usually completely minor. The significant issue during formation of a dry nanopowder from 
such dispersion is the drying process and an extremely small amount of solids. It is very difficult to handle with 
such materials. From these reasons active substances in the form of small nanoparticles are deposited by different 
procedures into the volume or on the surface of larger carrier particles. (Kickelbick, Liz-Marzán 2009, Lai, Suk, 
3DFH:DQJ<DQJ0HUW&KHQ.LP+DQHV'YRUVN\3UDXV7URMNRYiâWXGHQWRYi/XĖiþHN 7KHVH
materials create already macroscopic quantities of dry powder after suitable drying. A special case in this area are 
the core-shell nanoparticles. For them, the core is composed of a primary carrier particle and on its surface are either 
fixed to the thin shell densely arranged active nanoparticles or the active shell is formed by a continuous layer.
In many cases, this layer is formed significantly more likely by heterogeneous nucleation of the solid phase 
during precipitation reaction (Chaokang, Xu, Park, Shannon 2009). In our work, for the preparation of core-shell 
nanoparticles is used a special application of aerosol method. The primary carrier particles are directly contained in 
the aerosol drops of a solution of one of the used reactants.
2. Theoretical
2.1. Theoretical conception of core-shell nanoparticles preparation by aerosol method
The overall basis of aerosol application method for the preparation of core-shell nanoparticles is to limit the 
scope of precipitation reaction by defined dose of the reactant solution. This dose is represented by a microvolume 
of aerosol droplet of the solution. In this droplet primary carrier particles of known volume fraction with the 
statistical distribution are dispersed. These droplets are generated from nanodispersion of carrier particles in an 
aqueous solution of the reactant by ultrasonic nebulizer. The aerosol is further directed on the surface of vigorously 
stirred aqueous solution of the second reactant see Fig.1.
Fig. 1. Schema of the interaction of aerosol droplet (median size of 3.5 μm) with the level of the laminar stirring aqueous solution 
After the impact of drop on the solution surface of the second reactant the precipitation reaction occurs only on a 
limited scale. From the reason that an insoluble solid phase is formed during the reaction the main issue is the 
mechanism of its formation into required core-shell structure. In the presence of nanoparticles within the reaction 
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microvolume the heterogeneous nucleation of this solid phase on the outer surface of the carrier particles occurs 
primarily. Under the conditions of laminar flow a reaction volume can be considered for continuous for most of the 
reaction time. This allows to control the quantity of solid phase of insoluble product and thereby the layer thickness 
on the surfaces of all particles. In the approximation applied by us we do not take into account the varying curvature 
of the carrier particles in their wider size distribution which in our view will have a significant impact on smaller 
nanoparticles
2.2. Theoretical background of concrete application for core-shell particles Si-ZnS
Zinc sulfide which will form the shell of the particles will be prepared by precipitation reaction in aqueous 
solutions of 1 mmol.L-1 zinc acetate and 6 mmol.L-1 sodium sulphide.
2 2( ) 2 ( )Zn Ac Na S ZnS Na Ac+ ® + (1)
Our aim is to limit the scope of local reactions by microvolume of aerosol drop. This aerosol drop is formed by 
dispersion of Si nanoparticles in zinc acetate solution. The aim is the preparation of aerosol drop with a 
concentration of Zn(Ac)2 which will lead to the formation of the ZnS shell with desired thickness h. Concentration 
solidsc weight of Si nanoparticles will be obtained by weighing the dry matter solidsm by evaporation analysis. At 
known density solids Sir r= then we can express the volume fraction of dry matter in the liquid silicon nanoparticles 
by equation (2)
solids solids solids
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If we know the statistical size distribution of nanoparticles ( )v iP v then the total volume ( )iV v size fraction iv
of Si dry matter is expressed by equation (3)
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At spherical approximation of the shape of nanoparticles the ratio between volume and surface is uniquely 
determined and the volume fraction of the total surface iv in the volume of liquid liquidV applies:
( )solids
liquid
solids
( ) 6 v ii
i
P vc
S v V
dr
= . (4)
The total surface of Si particles for volume of aerosol dispersion of spherical drop is given by relation:
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If we require the thickness of the shell h then in a simplified approximation ( )shellV h S R= × the total mass 
shellm of ZnS shell is given by equation (8)
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&RHIILFLHQW RI SURSRUWLRQDOLW\ ț EHWZHHQ WKH PRODU PDVVHV DOVR GHWHUPLQHV WKH UHODWLRQ EHWZHHQ WKH JHQHUDO
masses of reactants Zn(Ac) ZnS Zn(Ac) ZnS2 2M M m mk k= × « = × . By its use we can calculate the concentration of 
Zn(Ac)2 necessary for the formation of ZnS shell with thickness h:
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At size distribution of Si carrier particles as mentioned in the experimental section below and the thickness of the 
desired shell ZnS  h  QPDQGț .88  we obtained concentration ( )2 5 g/ lZn Acc » .
3. Experimental
3.1. Preparation of the liquid dispersion of Si nanoparticles in the zinc acetate solution
Cavitation disintegrator Water Jet Mill was used for the preparation of primary silicon carrier particles (Dvorsky, 
/XĖiþHN6OtYD2011). From the primary silicon semiconductor purity microparticles of an average size 100 μm was 
disintegrated in water dispersion and the secondary fraction of silicon particles with mean size 116 nm was obtained 
see Fig 2. 
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Fig. 2. The statistical size distribution of primary Si carrier particles by volume with a mean size 116 nm was obtained by Dynamic Light 
Scatering by using MALVERN ZEN 360 Zetasizer Nano ZS analyzer
In thus obtained aqueous dispersion an appropriate amount of zinc acetate corresponding to the chosen thickness 
of ZnS shell 20 nm was dissolved. After the analysis of the statistical distribution on Fig. 2 the sum was quantified 
in to the final formula (10) and the desired concentration of zinc acetate 5 g/l.
3.2. Preparation and characterization of core-shell Si-ZnS nanoparticles
Above mentioned dispersion of carrier particles in an aqueous zinc acetate solution was placed into the active 
chamber of the ultrasonic nebulizer OMRON NE-U17 with an average diameter of aerosol drop 3.5 μm. The aerosol 
gas stream was further supplied to the reaction vessel tube and directed perpendicular on the surface of the 
vigorously stirred aqueous solution of sodium sulfide at a concentration of 6 mmol.L-1. In this arrangement took 
place localized reactions (1) within 4 hours. At predominance of heterogeneous nucleation over the homogeneous 
nucleation the nanoparticles of core-shell Si-ZnS were formed in the process. Their sizes are characterized by the 
statistical distribution (solid line) on Fig. 3.
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Fig. 3. Comparison of the statistical size distribution of primary Si carrier particles with a mean size of 116 nm (dashed line) and a final core-shell 
Si-ZnS particles according to the volume with a mean size of 150 nm (solid line) - DLS MALVERN ZEN 360 Zetasizer Nano ZS analyzer
Statistical analysis of both distributions by method described in our previous work (Dvorsky, Trojkova, Praus, 
/XĖiþHNZHREWDLQHGDQDYerage thickness 17 nm of ZnS shell. Reported result was at the same time also 
confirmed by microscopic analysis by transmission electron microscope TEM Jeol JEM 1230, 80 kV see Fig. 4.
Fig. 4. TEM micrograph of core-shell Si-ZnS particle with mean shell thickness 18 nm (TEM Jeol JEM 1230, 80 kV).
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The thickness of the ZnS shell of a mean size 14 nm was determined by image analysis of TEM micrographs of core-
shell particles. Required thickness of shell was 20 nm which we used for calculation of concentration of zinc acetate 
and this value was overvaulted by 22 %. This disproportion is a natural consequence caused by slowing of the 
reaction kinetics with decreasing concentrations of reactant in drop. In other applications using this method it is 
necessary to take into consideration the natural residue of the reactant in the drop to achieve a desired thickness of 
shell and appropriately increasing its concentration. Liquid dispersion of these core-shell nanoparticles was then 
subjected to drying by controlled vacuum sublimation according to the method (Dvorsky, Trojková, Lunacek, 
3LNVRYiýHUQRKRUVNêDW WHPSHUDWXUH– 18 oC. Specific surface area of the final product was subsequently 
analyzed by BET isotherm on the HORIBA SA-9600 Series Surface Area Analyzer and its value was 270 m2/g. 
Mentioned property greatly increases the range of photocatalytic reactions and increases the efficiency of the 
process of photocatalytic degradation of pollutants.
4. Conclusion
Results presented in this paper confirm the effectiveness of the above-mentioned special variants of aerosol 
method for the formation of core-shell nanoparticles. In the preparation of specific core-shell Si-ZnS nanoparticles 
for photocatalytic applications we achieved an approximate match between the thickness of ZnS shell desired by 
model and experimental data of DLS analysis and image analysis from TEM micrographs. This small disproportion 
was expected. The basic model in its first approximation counted with unrealistic using of every reactant in an 
aerosol drop. Its further clarification is expected in the implementation of real reaction kinetics and the temporal 
evolution of the supersaturation inside the reaction microvolumes which may have in a flowing fluid different 
"lifetime".
The obtained photocatalytic material was subsequently dried by controlled vacuum sublimation. The method 
allows a special mode of self-organization of nanoparticles to single-layer lamellar nanostructures. By this process
the undesirable tight aggregation of nanoparticles with a high loss of effective reaction surface which is common 
with the conventional thermal drying is prevented. Specific surface area of the final dry material achieved for 
photocatalysts above-average values of about 270 m2/g.
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